The distribution of divalent iron and nickel over two metal sites of differing coordination geometry in NiFe2(PO4)2, sarcopside, has been investigated by resonant X-ray and time-of-flight neutron powder diffraction. To assess the reproducibility of the X-ray technique, data have been collected from instruments X7A at Brookhaven National Laboratory and 8.3 at the Synchrotron Radiation Source, Daresbury Laboratory, England, using wavelengths 2xa = 1.7437 (3)A and A, respectively, close to the Fe K 2,r2 = 1.7434 (1) 2+ edge determined by X-ray absorption near-edge structure. The real part of the anomalous-scattering correction for iron at each energy, f'(Fe)xl =-7.81 (9) and f'(Fe)x2 = -10.16 (6), was determined experimentally by diffraction from Fe3(PO4)2 under identical conditions. Occupancies obtained for iron at the M(1) site were found to be M(1)xa=0.366(6) and M(1)x2 =0.376(3), compared with M(1)N--0.26 (15) from time-of-flight neutron powder diffraction.
I. Introduction
Neutron diffraction has traditionally been used to distinguish between elements that are adjacent in the periodic table and therefore difficult to differentiate with X-rays. However, the availability of synchrotron-radiation sources has led to an increase in the use of X-ray anomalous scattering to induce greater scattering contrast between elements of a similar atomic number (Duncan, Freeman & Johnston, 1975; Yakel, 1983; Perkins & Attfield, 1991) and between different oxidation states of the same element (Attfield, 1990; Kwei, Von Dreele, Williams, Goldstone, Lawson & Warburton, 1990;  * Present address: School of Physical Sciences, University of Technology, Sydney, PO Box 123, Broadway, NSW 2007, Australia. © 1995 International Union of Crystallography Printed in Great Britain -all rights reserved Wilkinson, Cheetham & Cox, 1991) . It can be applied to a wide range of elements that have an absorption edge that is suitable for diffraction and is accessible with synchrotron X-rays. We have demonstrated that, at wavelengths close to the Fe K absorption edge, a difference of 6.5 electrons in scattering amplitude can be achieved between iron and cobalt in COEFe(PO4)2 (Warner, Wilkinson, Cheetham & Cox, 1991) , and a difference of 3 electrons is observed between Fe z+ and Fe 3+ in 0t-Fe/PO5 (Warner, Cheetham, Cox & Von Dreele, 1992) . Interest in this technique continues to grow and it is appropriate at this time to conduct experiments that assess the reproducibility of the results obtained using different instrumental conditions and incident energies. In this powder diffraction study of the cation distribution in NiFe2(PO4)2, sarcopside, we compare the results from two independent X-ray experiments at the Fe K edge with those obtained from time-of-flight neutron data.
The structure contains two inequivalent metal sites and only one kind of PO4 group (Fig. 1) . The O atoms are arranged in hexagonally close-packed layers, with MO6 octahedra connected by edge and comer sharing. The structure (Moore, 1972) is closely related to that of ¢ a Fig. 1 . The structure of sarcopside. For clarity, only the cation sites have been labelled.
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ISSN 0021-8898 © 1995 olivine; however, in sarcopside the continuous chains of edge-sharing MO6 are interrupted by a metal-cation vacancy in every fourth octahedron. The central M(1 ) site occupies an inversion centre and has a smaller volume in comparison with the two distorted M(2) sites of the terminal octahedra. Ni3(PO4)2 and a high-pressure phase of Fe3(PO4)2 form a continuous solid solution series in the sarcopside structure, with nickel preferentially occupying the more symmetric M(1) site in intermediate compositions (Ericsson & Nord, 1984) . The similarity between the neutron scattering lengths of iron and nickel (0.954 x 10 -14 and 1.030 x 10 -14 m, respectively) makes them difficult to distinguish without the use of special isotopes; thus, X-ray anomalous scattering is the only diffraction technique that offers a reliable and sensitive method of determining their relative site occupancies, f" and hence absorption effects are minimized in work at wavelengths more than 7 eV below the Fe K edge, whilst the real part of the anomalous scattering correction, f', takes on large negative values. The appropriate value off' for iron at each X-ray energy was determined from a chemically similar standard, Fe3(PO4)2, by powder diffraction under identical conditions. In the energy range used for diffraction, X-rayabsorption-near-edge-structure (XANES) spectroscopy shows that this reference compound has an absorption edge that is similar in energy and shape to that of NiFe2(PO4)2. The use of a suitable standard provides a better estimate of the values for f'(Fe) than the freeneutral-atom theory (Cromer & Liberman, 1970 ) since solid-state effects such as site symmetry and valence are taken into account (Wilkinson & Cheetham, 1992) .
II. Experimental
The sample of NiFe2(PO4)2, sarcopside, and the X-ray reference material, Fea(PO4)2, graftonite, were prepared in the following manner. A stoichiometric solution of the metal nitrates and HENH4PO 4 was gently dehydrated and heated to 573 K overnight in a ventilated fan-forced oven to remove the nitrate and ammonium residues. The resulting mixture was ground to a fine powder, placed in silica boats and heated slowly to 1123 K in a tube furnace under a flow of wet 5% H2 in N2 gas. This temperature was maintained for 24 h before cooling slowly to room temperature. Each sample was found to be of a single phase using a conventional Philips X-ray powder diffractometer and the homogeneity of NiFe2(-PO4)2 was confirmed using a JEOL 2000-FX analytical electron microscope. The Ni: Fe atom ratio was found to be 1:1.98 (5) using energy-dispersive X-ray emission analysis. The same samples of NiFeE(PO4)2 and Fe3(PO4) 2 were used in all of the following analyses.
XANES spectra at the Fe K edge of NiFe2(PO4)2, Fe3(PO4)2 and iron metal were collected on station 7.1 at the Synchrotron Radiation Source, Daresbury Laboratory. Approximately 50 mg of one sample were mixed In the following discussion, the location of the edge is defined as the energy of the first inflection point of the principal absorption edge and was found to be 7119.3 (2) and 7120.3 (2)eV for NiFe2(PO4) 2 and Fe3(PO4)2, respectively. The position of the Fe K edge for iron metal at 7112.0 eV (Bearden & Burr, 1967) was used for calibration ( Fig. 2) . Diffraction data on powder samples of NiFez(PO4)2 and Fe3(PO4)2 were collected approximately l0 eV below the Fe K edge at wavelengths of 1.7437 (3) A and 1.7434 (1)A on beamlines X7A at the NSLS, Brookhaven, and 8.3 at the SRS, Daresbury, respectively. Collection times were 5-8 h for each scan. A summary of the instrumental conditions for each diffractometer is given in Table 1 and data-collection details are given in The wavelength on X7A was calibrated with a siliconpowder standard. The unit-cell parameters subsequently determined on XTA for the reference material, Fe3(PO4)2, were used to define the wavelength on 8.3. The bandpass for each instrument has been calculated from optical considerations with the assumption of perfect monochromator crystals, and should be regarded as an estimate.
Neutron data on NiFe2(PO4)2 were measured on the high-intensity time-of-flight powder diffractometer, HIPD, at Los Alamos National Laboratory, USA. A 5 g sample was sealed inside a 12 mm diameter vanadium holder. Data were collected for around 1 h at the 153 ° bank of 3He detectors, covering a time-of-flight range of 2.5-24 ms. All the diffraction data were analysed using the GSAS program for Rietveld structure refinement (Larson & Von Dreele, 1987) .
III. Results
In the determination of site occupancies by anomalous scattering, it is important to have an accurate value off' for the resonant species at the diffraction energy. This cannot be calculated from the existing theory because that is based upon free neutral atoms. At energies close to the absorption edge, the effects of bonding and valence result in significantly different behaviour for real atoms.
For this reason, calibration of f' using a chemically similar reference material is preferred. Fig. 2 demonstrates how the XANES absorption spectnun from an iron foil deviates from the step function predicted for free neutral iron atoms due to its natural width of 1.25 eV (Krause & Oliver, 1979) and the energy range of the incident X-ray beam. The solid-state bonding effects increase this discrepancy, with transitions to bound states occurring near the edge and the influence of extended Xray absorption fine structure extending for several hundred electronvolts above it. The resonant diffraction studies were performed at 7110.5 (8) and 7111.7 (4) eV, where there is considerable difference between the neutral-free-atom-theory and the experimental absorption spectra of NiFeE(PO4)2. For this reason, Fe3(PO4)2, graitonite, was selected as a standard for the determina-tion of f(Fe) appropriate for NiFe2(PO4)2. The sample and standard have almost identical absorption spectra below the iron absorption edge, both displaying the same small pre-edge feature at around 7111.0 eV.
This form of Fe3(PO4)2 is isostructural with the mineral graitonite (Kostiner & Rea, 1974) and contains one 6-and two distorted 5-coordinate sites for divalent iron. The volume of the unit cell is almost twice that of NiFe2(PO4)2 and produces a large number of well resolved independent reflections within the accessible data range. Many of these reflections have strong intensities at high angles, where sensitivity to the anomalous scattering factors is greatest. A further advantage of this material is that it is simple to prepare in a highly crystalline form. The presence of an impurity, estimated to be less than 2% w/w and appearing at 34.35°20, had little effect upon the measured value off' owing to the high resolution of the data. This region of the background was excluded from the refinement.
The agreement between the absorption spectra of Fe3(PO4)2 and NiFe2(PO4)2 deteriorates above the edge as a result of the structural differences. In practice this does not present a problem, as the maximum energy useful for resonant diffraction is usually limited to around halfway up the steep portion of the absorption spectrum using these iron-rich compounds. Above this energy, the quality of the diffraction data rapidly deteriorates as a result of severe absorption, eventually leading to a breakdown of the powder average.
The data sets collected on Fe3(PO4)2 using diffractometers XTA and 8.3 were analysed using GSAS and the value off'(Fe) refined at each energy. The refined atomic coordinates are given in Table 3 and a portion of the profile from each instrument is shown in Fig. 3 . Note the deterioration of the signal-to-noise ratio and increased background levels resulting from the small increase in the incident energy and the greater bandpass on 8.3. In each case the known structure (Kostiner & Rea, 1974) was allowed to refine. Individual isotropic temperature factors could not be varied in a stable manner. These were constrained to be equal for each element type in the XTA data analysis, and to a single isotropic temperature factor 
using the more limited 8.3 data. Values off' for the three iron sites were allowed to vary independently in order to allow for the differing geometries. No significant difference was found between them, and the average values of f'(Fe)=-7.81 (9) and f'(Fe)=-10.16 (6) were found for 7110.5 (8) and 7111.7 (4)eV, respectively. Attempts to refine f"(Fe) proved inconclusive, the values being unstable and comparable in magnitude to their estimated standard deviation. They were subsequently fixed atf"(Fe)= 0.468, the value estimated from the free-atom theory with allowance made for the chemical shift of the absorption edge from 7112.0 to 7120.3 eV. As no significant difference was predicted between the values off"(Fe) at the two energies used for The atomic coordinates used for these calculations are either refined from the resonant X-ray powder data or fixed at values determined from the single-crystal X-ray study by Kostiner & Rea (1974) diffraction, the same value was used in both data analyses. Free-neutral-atom scattering factors were used for all the other elements. A pseudo-Voigt profile shape was used in all the X-ray refinements, including a term for low-angle peak asymmetry. A linear background function was used for the X7A data.
All the data on X7A were measured during the lifetime of one beam fill; however, on 8.3 the beam was lost during the runs on both Fe3(PO4) 2 and NiFe2(PO4)2. The slight decreases in the background fluorescence levels on 8.3 for Fe3(PO4)2 and NiFe2(PO4)2, at 54.8 and 38.1°20, respectively, arise from an increase in the wavelength after each re-injection of the electron ring. Fixed background values were used to model this effect. The total energy change over the course of the entire experiment was 0.3 eV, an order of magnitude less than the incident bandpass.
The value off" is directly related to the fluorescent yield and the effect of the magnitude off" upon the refined value of f' was investigated (Table 4) . Fixed values of f" corresponding to the minimum and maximum values calculated by Cromer & Liberman (1970) for the edge region, 0.469 and 3.96, respectively, were inserted into the analysis of the data from Fe3(PO4) 2. Whilst the refined value off' tends to increase with f", a large variation inf" results in a change inf' of only a few percent. In the region of the spectrum used for these diffraction experiments, the quantity f" is small and changes slowly as a function of energy. The very slight change in wavelength associated with the reinjection of the beam on 8.3 will have little effect upon f" and any variation in f' as a result of the wavelength change is included in its estimated standard deviation.
In addition, the influences of the structural parameters upon the refined values of f were examined by substitution of the refined atomic coordinates from this work with those from an earlier single-crystal study by Kostiner & Rea (Table 4 ). The 8.3 data set was chosen for this comparison as it represents the worst case, having the most limited range of sin 0/2 from 0.10-4).39. The refined values off' produced by the two models varied by less than a few percent despite the poorer precision of the resonant powder refinement in comparison with that of the single-crystal study. The lattice parameters for Fe3(PO4)2, grattonite, were found to be a = 8.8839 (1), b= 11.1738 (2), c=6.1459 (1) A and fl=99.357 (1) °. Details of the final refinements of the reference material are given in Table 5 . Note that the Rwp factor for the 8.3 refinement is lower than that of X7A owing to the much higher background at the slightly shorter wavelength.
With the value off'(Fe) at each energy fixed at that determined from the standard, the structural model of NiFe2(PO4)2, including the occupancy of iron on each of the metal sites, was allowed to refine. In addition, refinements were performed where both f'(Fe) and the occupancies were allowed to vary simultaneously. As the stoichiometry had been confirmed by elemental analysis, constraints were imposed to fix the total occupancy of each site as unity and the overall composition to that of the chemical formula. Elemental isotropic temperature factors were allowed to vary.
The structure of NiFe2(PO4)2 and the distribution of iron and nickel over the two sites were also refined using time-of-flight neutron powder data. A profile function that models the pulse shape from the moderator and includes a term for particle-size effects was used, along with a five-term cosine and Fourier-series background function. Spectrum normalization was included within the refinement program and individual isotropic temperature factors were allowed to vary. Simultaneous refinement of a sample-attenuation coefficient, scale factor, profile shape, background, atomic coordinates and temperature factors readily converged to a stable minimum. The refinement details, structural parameters and interatomic distances obtained for NiFe2(PO4)2 from data collected on HIPD, X7A and 8.3 are given in Tables 6, 7 and 8. The observed and calculated time-of-flight neutron powder profiles are given in Fig. 4 and the X-ray profile from 8.3 is given in Fig. 5 . Table 6 . Details of the data collection and least-squares refinement of the structure of NiFee(PO4)2, sarcopside, space group P21/c, from resonant X-ray powder diffraction data collected at wavelengths close to the Fe K edge on diffractometers 8.3 and X7A, and using time-of-flight neutron powder diffraction on HIPD Cell parameters: a = 5.99587 (7), b=4.73130 (7) (7) 0.1600 (4) 0.43 (7) XI 0.4767 (11) 0.2697 (10) 0.1630 (7) 0.37 X2 0.4767 (8) 0.2669 (7) 0.1634 (5) 0.45
IV. Discussion
Neutron powder diffraction generally offers better precision for the determination of atomic positions and thermal parameters than X-ray powder diffraction, particularly for lighter elements. At resonant wavelengths, the quality of the refinement using X-ray data is degraded further by the effects of absorption, which reduce the intensity of the Bragg reflections and increase the level of background noise. These effects are illustrated clearly by the relative precision and range of the P-O bond distances obtained by the two methods (Table 8 ). However, for the determination of occupancies in this Fe/Ni solid solution, the precision of the resonant X-ray studies is considerably better than in the neutron case. In Table 9 , the values obtained by the two methods are compared. The agreement between the occupancies obtained from the X-ray refinements using fixed f'(Fe) values derived from a standard and the refined f' values was very encouraging. The latter refinement proved less stable, displaying strong correlation with the temperature factor for iron. The dependence of the iron occupancies upon the value off' is demonstrated in Table 10 , where different values off'(Fe) have been substituted into the refinement of NiFe2(PO4)2 from 8.3 data. A slightly larger value of f(-9.87), consistent with the small increase in the wavelength after re-injection of the beam, would have given even better agreement between the X7A and 8.3 data. However, we have chosen to demonstrate a real experiment with a realistic outcome rather than a bestcase scenario. Despite the beam re-injection midexperiment on 8.3, we believe the agreement between the X-ray results is very good and certainly a vast improvement on the neutron values. The reproducibility of the occupancies obtained for this sample using different instrumental configurations and incident energies shows that the method is robust, being reliable over a range of experimental conditions. To assess its sensitivity to the quality of the structural parameters, the occupancies were also calculated using the atomic coordinates derived from the neutron refinement. These were not found to be significantly different and demonstrate that this technique is not strongly dependent upon the quality of the structural model. The poorer precision obtained from the X7A data, compared with that from 8.3, is attributed to the smaller angular range of this data set. In Table 9 , the cation distributions determined by diffraction are compared to those from the Mfssbauer study by Ericsson & Nord (1984) . The difficulties in deconvolution of the overlapping Mfssbauer spectra from the M(1) and M(2) sites, and the different thermal histories of the samples, may account for the difference in the reported occupancies. In all case, iron and nickel were found to be highly segregated, as a random distribution of metal cations would result in a composition of ] iron at each site. The high level of cation ordering in NiFe2(PO4)2 is at first surprising, since both end members of this solid solution form in the sarcopside structure type. However, examination of their interatomic distances and site syrmnetries clearly indicates differences in the bonding (4) behaviour of Fe z + and Ni 2 + In Fe3(PO4)2 sarcopside (Warner, Cheetham, Nord, Von Dreele & Yethiraj, 1992) , the M(1) and M(2) sites are more irregular and the crystal-field stabilization energy of Fe 2+ appears to benefit from the asymmetric environment. By contrast, in Ni3(PO4)2, the M-O bond distances for both the M(1) and M(2) sites are much more uniform Moore, 1972) , indicating that Ni 2+ is more stable in regular sites because of its spherically symmetrical ground state (Table 11 ). In addition, the average size of the M(1) and M(2) sites is lower in Ni3(PO4)2 as a result of the smaller ionic radius of Ni 2 + compared with high-spin Fe 2+ [0.69 A and 0.78 A, respectively (Shannon, 1976) ]. In NiFe2(PO4)2, nickel concentrates on the smaller centrosymmetric M(1) sites, whereas 80% of the distorted M(2) sites are occupied by iron.
V. Concluding remarks
X-ray powder diffraction studies at energies close to the K absorption edge of iron are sensitive to the distribution of cations from the first transition series at a level that is comparable to or better than that available with neutrons. The occupancies obtained are reproducible using different incident energies and instruments, and are of excellent precision when the species of interest contributes a large proportion of the total X-ray scattering amplitude. Approximate values of the structural parameters and f" for the resonant species can be tolerated within the experimental error, but the accuracy of the occupancies obtained by this technique is strongly dependent upon the value off' used. Calculated values for f' based upon neutral free atoms are unreliable at energies close to an absorption edge and it is preferable to measure f. This may be determined directly from the compound of interest by simultaneous refinement of the structure, occupancies andf'. However, if the data are of insufficient quality to allow stable refinement, f' may be measured in a chemically similar species, taking into account the effects of valence and site symmetry. XANES spectra can be used to identify compounds that have absorption edges of a similar energy and shape to the sample; these may then be used as reference materials for the measurement off'. An internal standard for both the determination off' and the wavelength would be optimal for data of sufficiently high resolution. Where no suitable standard exists, the determination off' directly from the compound would be facilitated by using multiple data sets, either from another X-ray energy away from the edge where f' is well known or from neutron powder diffraction. A simultaneous refinement would stabilize the structural model and assist in the decorrelation off' from the temperature factors. Only the diffraction method measuresf' directly and in a site-specific manner. In this study, the diffraction data were collected on the sample and f' reference material using the same instrumental conditions. This reduces the effect of systematic errors on the occupancies, by having comparable wavelength, bandpass, polarization and signal-to-noise ratio in each experiment. Experiments of this type are best performed at energies 10-15 eV below the edge away from any major pre-edge features. This region offers low absorption and large negative values for f' inducing high scattering contrast. (A) in sarcopside for Ni3(PO4)2, NiFe2(PO4)2 and Fe3(PO4)2
The distortion parameter IAI is defined as the difference between the bond distance and the average for that site. 
